We present a joint theoretical and experimental investigation to demonstrate explicitly how the combined spin-dependent interaction and the configuration interaction may affect the mixing of different spin states along various doubly excited autoionization series for Ca and Sr as energy increases across several ionization thresholds. In particular, our study has identified the inversion of energy levels between members of a number of multiplets, i.e., in contrast to the Hund's rules, due to the presence of perturber from other overlapping resonance series. We are also able to demonstrate the beginning of the breakdown of the LS coupling for resonance series corresponding to electron configurations with higher orbital angular momenta and those above the third ionization threshold.
I. INTRODUCTION
In principle, for heavier alkaline-earth-metal atoms, with a smaller energy separation between higher-excited autoionizing resonances and a more substantial spin-dependent interaction, one would expect a stronger mixing between different spin states and thus more complicated spectra. However, the earlier observed spectra ͓1-3͔ have shown that the resonance structures are, in fact, relatively smooth above the second ionization threshold compared with those between the first and second ionization thresholds ͓1-4͔, where the resonance decays only into one dominating ionization channel. The lack of complex resonance structure results primarily from a much faster decay rate, in the presence of multiple decay channels, with a broader total resonance width and substantial overlaps between neighboring resonances. As a result, when the incident photon energy is sufficiently high to excite electron into multiple-ionization channels, it is difficult to investigate the detailed structure of the overlapping doubly excited autoionization series based on the experimental spectra alone. A more in-depth understanding of the resonance structures would therefore require a detailed multielectron theoretical analysis, which includes explicitly the spin-dependent interactions, together with a good agreement between theoretical and experimental spectra.
It is the purpose of this paper to present such an investigation with a B-spline-based complex-rotation ͑BSCR͒ calculation ͓5͔, together with more recent absolute absorption experimental data, for the ionization spectra of Ca and Sr from the first ionization threshold up for an extended spectral region, including multiple-ionization channels. By taking advantage of the ability of the BSCR approach to estimate explicitly the spin mixing, we will demonstrate explicitly how the spin-dependent interaction affects the mixing of different spin states and, in particular, the breakdown of the LS coupling along various autoionization series as energy increases.
The presence of the doubly excited triplet autoionizing series in the photoabsorption spectra from the singlet ground state of Sr was already confirmed in a number of earlier experiments ͓4,6͔. The detailed theoretical study of the heavier alkaline-earth-metal atoms, including the spin-orbit interaction, was first carried out by Kim and Greene ͓7͔, using the multichannel-quantum-defect techniques with a jj − LS frame transformation for Ca, and by Aymar ͓8͔ with a similar approach for Sr. Subsequent works were extended to include spectra for heavier Ba and Ra with a jj-coupled eigenchannel R-matrix calculation ͓9͔. A comprehensive review, including detailed comparison between calculated and observed spectra from an extensive collection of theoretical and experimental results, was later given by Aymar et al. ͓10͔ . In spite of the general qualitative agreement between the theory and experiment, only limited attempts were made to characterize in detail the individual autoionization series.
Details of the theoretical approach and the experimental procedure for the absolute photoabsorption cross-sections measurement employed in this study were already presented in ͓3,5͔. In Sec. II, we will briefly outline the BSCR approach and the experimental procedure. Results and discussions based on this joint theoretical and experimental study will be presented in Sec. III. In particular, we will focus our discussion on the detailed characterization of the individual doubly excited autoionization series for an extended energy region.
II. THEORY AND EXPERIMENT
To identify the dominating electronic configuration for each resonance, the BSCR calculation is carried out with sets of J-dependent orthonormal atomic basis functions n 1 l 1 ,n 2 l 2 ,. . . momentum, and its corresponding magnetic quantum number, respectively. The one-particle radial function representing an outgoing ionized electron of an open channel is defined by replacing the radius r with a complex variable z = re −i . In addition, a variational parameter ␤ for each open channel is also introduced to modify the one-particle radial function as defined by Eq. ͑4͒ of ͓5͔.
In the first step of the BSCR calculation, with the variational parameters ␤ properly determined following the procedure detailed in ͓5͔, the nonrelativistic complex Hamiltonian matrix is diagonalized to obtain a zeroth-order state wave function, which is the sum of the bound ͑i.e., all close channel j͒ and continuum ͑i.e., all open channel k͒ components, i.e.,
͑1͒
The doubly excited resonances ͉n 0 ᐉ 0 n ᐉ ͘ with an inner electron n 0 ᐉ 0 are identified approximately by projecting the state function ⍀ ͑͒ to its corresponding basis function n 0 ᐉ 0 n ᐉ ⍀ , i.e., by calculating the spectral density
In the second step of the BSCR calculation, a total Hamiltonian matrix is constructed with the sets of zeroth-order state wave functions given by Eq. ͑1͒ to include explicitly the spin-dependent interactions ͑e.g., the spin-orbit interaction͒. For each total angular momentum J, all allowed SL states are included in our calculation. Following the procedures detailed in ͓5͔, the complex energy eigenvalues E = E res − i⌫ / 2, in terms of the resonance energy E res and the resonance width ⌫ , are obtained by diagonalizing the new total Hamiltonian matrix. The corresponding state functions are given by the linear combination of ⍀ ͑͒, i.e.,
The mixing of the spin states can be determined by the sum over the square of the appropriate expansion coefficients, i.e., ͉C ͑SL͒J ͉ 2 . The photoionization cross section ͑E͒ from an initial state ⌽ I J I M I with an energy E I is given by the imaginary part of the dynamic polarizability ͓11,12͔, i.e.,
where ␣ is the fine-structure constant, g I =2J I + 1 is the degree of degeneracy of the initial state I, ⌬E = E − E I is the transition energy, D is the dipole operator, and ␥ = 1 and −1 for the dipole velocity and length approximations, respectively. The state function of the initial state ⌽ I J I M I is calculated with the procedure outlined in ͓5,13͔. Explicit expressions for the calculation of the transition matrix
The experimental setup and the procedure for the absolute photoabsoprtion spectra measurement are detailed in ͓3,14͔. Light source at the National Synchrotron Radiation Research Center in Taiwan was used as the continuum background. The column density of the alkaline-earth vapors in a heatpipe was determined by measuring simultaneously the pressure and the temperature profiles along the heatpipe ͑see, e.g., Fig. 2 of ͓3͔ for a typical heatpipe temperature-distribution profile͒. The total number of the Ar buffer gas particles inside the heatpipe was calibrated with care and kept at a constant for an extended temperature range in the absence of the alkaline earth ͑see, e.g., Fig. 4 of ͓3͔͒. By carefully measuring the temperatures along the heatpipe after the alkalineearth sample was placed in the heatpipe at increasing temperature, the column density was determined with an uncertainty of about 7%, following the procedure outlined in ͓3͔. The absolute absorption cross sections were determined by measuring the ratio of the incident light and the attenuated light. The estimated uncertainty in absolute cross section is about 10-15 %.
III. RESULTS AND DISCUSSIONS
Between the first 4s and the second 3d ionization thresholds of Ca, we include in our BSCR calculation, following the LS coupling, all six odd-parity autoionization series, i.e., 3dnp͑ 1,3 P , 3 D͒, 3dnf͑ 1,3 P , 3 D͒, and the first member of the 4pns͑ 1,3 P͒ series, which decay into the 4s⑀p͑ 1,3 P͒J = 1 ionization channels from the initial ground state. The optimized ␤ values for both singlet and triplet P open channels are 0.45 and is stabilized at around −0.25 rad. At higher energies, between the 3d and 4p thresholds, there are eight J = 1 ionizaion channels, i.e., 4s⑀p͑ 1,3 P͒, 3d⑀Јp͑ 1,3 P , 3 D͒, and 3d⑀Јf͑ 1,3 P , 3 D͒ channels with five autoionization series, i.e., 4pnd͑ 1,3 P , 3 D͒ and 4pns͑ 1,3 P͒ series. The optimized ␤ values are 0.425 for all the singlet and triplet P open channels and 0.4 for the triplet D open channels. The stabilized value is −0.22 rad in this energy region. At even higher energies, above the 4p threshold, we focus our study on the identification of a few members of the doubly excited 5snp͑ 1,3 P͒ and 4dnp͑ 3 D , 1,3 P͒ resonance series, which decay into the 4s⑀p͑ 1,3 P͒,
1,3 P͒, and 4p⑀Љd͑ 1,3 P , 3 D͒ ionization channels. With a stabilized value of = −0.25 rad, a single optimized value of ␤ = 0.4 is used for all singlet and triplet P channels and ␤ = 0.525 for the triplet D channels. Figure 1 compares the calculated Ca ground-state photoionization cross sections with the observed spectrum between the 4s and 3d thresholds. The theory agrees well with the experiment in general, except for the peak cross sections for the narrow 3dnp͑ 3 P , 3 D͒ and 3dnf͑ 1,3 P , 3 D͒ resonances, which are substantially lower than the calculated ones due to the limited experimental energy resolution. Figure 2 presents a more detailed comparisons between theory and experiment between 55 000 and 59 000 cm −1 . Our calculation shows clearly a substantial effect due to the configuration interaction on the 3d4f multiplet between 55 800 and 56 000 cm −1 and the 3d6p multiplet between 56 200 and 57 000 cm −1 . These two multiplets are also affected by the presence of the 4p5s 1,3 P resonances between 57 400 and 58 400 cm −1 . In fact, for both multiplets, the two lower-energy levels are inverted, i.e., with 3 P below the 3 D resonance due to the stronger interaction between the 4p5s 3 P and 3d6p 3 P / 3d4f 3 P resonances. This differs from the earlier assignment of the 3d6p 3 D state ͓1͔, which follows the Hund's rules with the 3d6p 3 D state below the 3d6p 3 P state. Each of the resonances in our calculation is identified in terms of their respective spectral densities corresponding to the mixing of different spin states listed in Table I . It is also interesting to note that the resonance width of the second member of the dominant 3dnp
1 P series ͑i.e., the one close to 56 600 cm −1
in the experimental spectrum shown in Fig. 1͒ is affected substantially by its interaction with the 4p5s 1,3 P resonances on the higher-energy side and is noticeably smaller than the third member ͑i.e., 3p7d 1 P close to 59 300 cm −1 ͒ of the same series. The presence of the 4p5s 1,3 P resonances as the perturbers of the 3dnp and 3dnf autoionization series does not affect the relative energies of the individual members of the 3dnp and 3dnf multiplets on the higher-energy side shown in Figs. 2 and 3 as the higher 3 P states are merely pushed up in energy by the perturbers.
Based on the spectral density of the spin states listed in Table I , it appears that all three 3dnp resonance series and also the two 4pns series could still be identified effectively in terms of the LS coupling. On the other hand, our calculation shows that, for resonance series corresponding to electron configurations with higher orbital angular momenta, such as the 3dnf series, the spectrum could no longer be represented by the LS coupling, especially for those members on the higher-energy side. Consequently, no specific spin state could be assigned to each resonance. However, based on our calculation, we do anticipate similar resonance structures for the 3d6f and 3d7f multiplets due to similar spectral densities corresponding to different spin states listed in Table I Figure 4 shows the calculated and observed spectra between the Ca + 3d and 4p thresholds. As expected, the resonance structures are dominated by the 4pns 1 P series. The "windowlike" structures are also known to have been identified as the 4pnd 1 P series. Table II shows substantial mixing between the three overlapping 4pns 1 P, 4pns 3 P, and 4pnd 1 P resonance series. In fact, the presence of the 4pnd 1 P series, with its strong configuration mixing with the 4pns 1 P series, has shifted the 4pns 1 P resonance to below the corresponding 4pns 3 P resonance, contrary to the Hund's rule. The singlet-triplet mixing due to the spin-orbit interaction has also led to the less prominent 4pns 3 P structures on the higher-energy shoulder of the 4pns 1 P resonance for higher n ͑e.g., n =7-8͒ states. Although the 4pnd͑ 3 P , 3 D͒ resonance series is hidden in the spectrum, the BSCR calculation is able to identify such series through the calculated resonance energies and widths, effective quantum numbers, and probability densities listed in Table II . In fact, they are hidden in part due to their relatively large resonance widths and also the relatively smaller transition amplitude. Our calculation also confirms, based on the calculated effective principal quantum number listed in Table II , that the first member of the 4pnd series above the 3d threshold is indeed the FIG. 5 . ͑Color online͒ Comparison between the calculated Ca ground-state photoionization cross sections and the experimentally observed spectrum above the 4p threshold. Fig. 4 . Figure 5 compares the calculated photoionization and the observed photoabsorption spectra from the ground state of Ca above the Ca + 4p threshold. The resonance structures are dominated by the window-type 1 P resonances. The agreement between the theory and experiment is generally good up to 95 000 cm −1 . Above 95 000 cm −1 , the measurement could no longer resolve the spectrum. The calculated resonance energies and widths, effective quantum numbers, and probability densities are presented in Table III . Although all the states listed in Table III could be identified by their dominant spin states, the strong configuration mixing has shown another feature in the breakdown of the LS coupling. For example, from a closed-channel calculation for the 3 P symmetry, our calculation has shown a strong configuration mixing for the fifth ͓i.e., 3 P o ͑5͔͒ resonance state, between the 4dnp ͑44%͒, 4dnf ͑19%͒, and 5pns ͑29%͒ series. We have listed its effective quantum numbers against both the Ca + 5s and 4d thresholds. It is by no means without ambiguity, but, one might still nominally designate this state as the 4d6p 3 P state since its effective principle quantum number against the 4d threshold, i.e., 4d = 3.44, is more in line with the effective principle quantum number of 4d = 2.69 of the 4d5p 3 P state.
In fact, this state could hardly be fitted into the 5snp 3 P series based on its effective principle quantum number against the 5s threshold at 5s = 5.11. Similar closed-channel calculation for the 1 P symmetry shows that the dominant configurations for the 1 P͑2͒ state consist of the 5snp ͑56%͒ and 4dnp ͑28%͒ series. For the 1 P͑3͒ state, the dominant configurations include 5snp ͑63%͒, 4dnp ͑16%͒, and 4dnf ͑16%͒ series, and for the 1 P͑5͒ state, the 5snp ͑19%͒, 4dnp ͑45%͒, 4dnf ͑15%͒, and 5pns ͑17%͒ series. Again, we list in Table III for those three states the effective quantum numbers against both the Ca + 5s and 4d thresholds. One might be able to designate two of these three states, e.g., 1 P͑2͒ and 1 P͑5͒ as the 4d5p 1 P and 4d6p 1 P states, respectively, and the 1 P͑3͒ state as the 5s6p 1 P resonance; but, it would be nothing more than semantics than an accurate physical interpretation.
For Sr, between the first 5s and second 4d ionization thresholds, our study includes all six odd-parity autoionization series, i.e., 4dnp͑ 1,3 P , 3 D͒, 4dnf͑ 1,3 P , 3 D͒, and the first member of the 5pns͑ 1,3 P͒ series, which decay into the 5s⑀p͑ 1,3 P͒J = 1 ionization channel from the initial ground state. The optimized ␤ values for singlet and triplet P open channels are 0.25 and 0.30, respectively, and is stabilized at around −0.2 rad. Between the 4d and 5p thresholds, there are eight J = 1 ionizaion channels, i.e., 5s⑀p͑ 1,3 P͒, and 5p⑀Љd͑ 1,3 P , 3 D͒ ionization channels. Together with a stabilized value of = −0.2 rad in this extended region, the singlet P channels have an optimized value of ␤ = 0.4, the triplet P channels ␤ = 0.44, and the triplet D channels ␤ = 0.525.
Figures 6 and 7 show good agreement between the calculated ground-state photoionization cross sections and the measured photoabsorption spectra between the 5s and 4d thresholds. The calculated resonance energies and widths, effective quantum numbers, and probability densities are tabulated in Table IV . Unlike the level inversion for the 3d6p and 3d4f multiplets for Ca discussed earlier, the relative energy levels for the 4d6p multiplet follow the Hund's rules, i.e., they are not affected by the presence of the 5p6s 1,3 P resonances, which overlap substantially with the 4d4f multiplet between 52 500 and 54 000 cm −1 . Again, our calculation has shown the breakdown of the LS coupling with strong mixing of different spin states for all 4dnf series, which is similar to the 3dnf series of Ca. Another interesting question is about the location of the first member of the 5pnd 3 D series. According to the earlier studies, the 5p5d levels are completely embedded in several resonances ͓8͔ and are broadly distributed around 58 000 cm −1 to 59 000 cm −1 ͑see Fig. 2 in ͓2͔͒. However, our calculation has shown that the 5p5d 3 D state actually falls below the 4d threshold, as shown in Fig. 8 . The 5p5d 3 D resonance in the theoretically calculated BSCR spectrum close to 58 930 cm −1 shown in the middle graph of Fig. 8 could be unambiguously identified when compared with the top graph in Fig. 8 , which was obtained by excluding the 5pnd 3 D series in our calculation. Although this resonance is not observed in the experimental spectrum ͑see, e.g., the bottom graph of Fig. 8͒ due to the lack of energy resolution, our calculation has led to a 5p5d 3 D state with spectral densities of 31% singlet P, 23% triplet P, and 46% triplet D ͑see Table V͒. Its effective quantum number of 3.11 against the 5p threshold is also consistent with that of the other members of the 5pnd 3 D series ͑i.e., 4.13 for the 5p6d 3 D and 5.07 for the 5p7d 3 D states͒ listed in Table VI .
Between the Sr + 4d and 5p thresholds, the spectrum is dominated by the 5pns 1,3 P resonances, as shown in Fig. 9 , where the agreement of the structure profiles between the theory and experiment is generally good. Since the spin-orbit interaction is much stronger in Sr than in Ca, the mixing ratio between the 4pns 3 P states and the 4pns 1 P states is close to one as listed in Table VI . As a result, the 5pns 3 P series is as prominent as that of the 5pns 1 P series. Whereas the 5pnd 3 D series is largely hidden in the spectrum, the 5pnd 1,3 P series are located in the valleys between peaks of their neighboring 5pns states. Table VI lists the calculated resonance energies and widths, effective quantum numbers, and probability densities for the 5pnᐉ͑ 1,3 P , 3 D͒ series. Similar to Ca, Fig. 9 shows good agreement between the length and velocity results from our calculation.
The calculated and the measured spectra above the 5p threshold for Sr are shown in Fig. 10 , where the resonance structure is dominated by the window-type 1 P resonances. Similar to our study of the Ca spectrum above the 4p threshold, we have carried out a closed-channel calculation for the 3 P symmetry, which shows a strong configuration mixing between the 5dnp ͑38%͒, 5dnf ͑18%͒, and 6pns ͑37%͒ series for the fifth 3 P͑5͒ resonance. A closed-channel calculation for the 1 P symmetry shows that the dominant configurations for the 1 P͑2͒ state consist of the 6snp ͑55%͒ and 5dnp ͑26%͒ series. The dominant configurations for the 1 P͑3͒ state include the 6snp ͑61%͒, 5dnp ͑14%͒, and 5dnf ͑20%͒ series, and for the 1 P͑5͒ state, the 6snp ͑37%͒, 5dnp ͑27%͒, 5dnf ͑12%͒, and 6pns ͑21%͒ series. We have listed in Table VII the effective quantum numbers of these diluted states against both the Sr + 6s and 5d thresholds. One might be able to identify one or two of those states with the 5dnp 1,3 P series. But, based on our study, it merely shows once again the beginning of the breakdown of the LS coupling as we discussed earlier.
By including explicitly the configuration interactions and the spin-dependent interactions, the theoretical Ca and Sr spectra for the overlapping resonance series presented in this paper offer detailed interpretations of the atomic transitions as energy increases across successive ionization thresholds. The proposed interpretations are supported by the good agreement between theory and experiment. In particular, our study has identified the inversion of energy levels of a number of multiplets as the results of strong configuration interactions due to the presence of perturbers from other overlapping resonance series. In addition, we have demonstrated the breakdown of LS coupling due to the spin mixing for resonance series corresponding to electron configuration with higher orbital angular momenta, such as the 3dnf series between the first and second ionization thresholds for Ca and the 4dnf series between the first and second ionization thresholds for Sr. The strong configuration interactions are also responsible for the breakdown of LS coupling for a number of doubly excited resonance series at higher energy, such as those above the 4p threshold for Ca and those above the 5p threshold for Sr. 
